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METHOD FOR CONSTRUCTING
MUTAGENESIS LIBRARIES IN SITU

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to protein and
genetic engineering, and more specifically to a method for in
situ construction of mutagenesis libraries and kits used there-
for.

2. Description of the Related Art

Directed evolution methods are increasingly used on
industrial enzymes to improve the enzymes’ substrate speci-
ficity, activity, thermostability, and high-temperature activity
etc. (1-4). The success of directed protein evolution experi-
ments hinges on the efficiency of methods used to create
random mutagenesis libraries and screen libraries for mutants
with properties of interest (5). Because library diversity rep-
resents a crucial parameter in directed evolution of a target
gene for improved functionality, various protocols have been
established for creating random mutagenesis libraries (6).
Random mutagenesis, along with genetic selection or high-
throughput screening (5), constitutes an important approach
to identifying critical regions of proteins, studying structure-
function relations and developing novel proteins with desired
properties.

Many methods for directed evolution of enzymes were
reviewed by Lutz and Patrick (7); and some of the more recent
in vitro DNA mutagenesis approaches were described in both
polymerase chain reaction (PCR) and non-PCR categories
(8). One of the most commonly used random mutagenesis
methods is error-prone PCR (9), which introduces random
mutations during PCR by reducing the fidelity of the DNA
polymerase. The natural error rate of the polymerase can be
altered and enhanced by modifying the standard PCR meth-
ods (10). This technique has the advantage of developing new
enzymatic properties without a structural understanding of
the targeted enzyme, and often yields unique mutations that
could not be predicted (10). Early techniques of error-prone
PCR generally involves the following steps: 1) amplifying the
target gene as the PCR template under error-prone conditions,
to generate amplified target sequence that contain random
mutations; 2) treating the terminal of the amplified target
sequences using restriction endonucleases; 3) ligating the
treated target sequence into a suitable expression vector using
a DNA ligase; and 4) transforming the expression vector
containing the target sequences into a suitable host cell, to
obtain a population of cells, or mutagenesis library, which
contain the various target sequences. This process is similarto
a cloning or subcloning process of the target sequence, except
that in conventional cloning or subcloning, only a small num-
ber of transformants need to be obtained, while in the con-
struction of a mutagenesis library, generally tens of thousands
of transformants are needed in order to realistically be able to
obtain a suitable target mutant. This is a tedious and ineffi-
cient process.

In order to improve efficiency, a method of PCR amplifi-
cation of whole plasmid using mega-primer, referred to as
“MEGAWHOP” was devised for generating random
mutagenesis libraries (11). This process effectively modifies
steps 2 and 3 of the above process, and uses randomly
mutagenesized target sequence as PCR primers, expression
vector as the template, and high-fidelity DNA polymerase.
Amplification products are treated with Dpn I, which
degrades the template expression vector, but leaves intact the
amplified product. The process yields double-stranded full-
strength plasmid, avoiding the steps of restriction enzyme
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treatment and ligation. This method yields libraries that are
virtually free of plasmid containing no or multiple inserts.
The mega-primer-based PCR method has been improved
greatly since it was originally developed (12-15).

Nevertheless, the mega-primer-based PCR method has its
own drawbacks. For example, the mutated target sequences
have to be specifically synthesized for each target sequence.
Further, for the process to be somehow satisfactory, the size of
the megaprimers should be in the range of between 500 to
1000 bases, thereby limiting the size of the target sequence.
The amplification products using the mega primers are linear
sequences, which is not amenable to forming a circular plas-
mid having two nicks, resulting in relatively low transforma-
tion efficiency. Furthermore, the method of mutagenizing the
megaprimers also involves a restriction enzyme digestion of
the PCR product and of the expression vector, making the
process complicated and low in efficiency.

Therefore, there is a need for a faster, simpler and more
universally applicable method for generating random
mutagenesis libraries.

SUMMARY OF THE INVENTION

The present invention satisfies the above needs by provid-
ing a method of constructing a mutagenesis library by error-
prone PCR in the presence of a thermally stable DNA ligase
(e.g. that from the hyperthermophilic bacterium 7Zermotoga
maritima (16)), with a pair of primers that comprise an anti-
biotic-resistance gene using the whole plasmid as template.

In one embodiment, the present invention provides a
method of constructing a random mutagenesis library, com-
prising i) providing a first expression vector comprising a
target polynucleotide fragment, wherein the first expression
vector comprises a vector portion and a target portion,
wherein the vector portion comprises a first selection marker
gene, and a first region and a second region flanking the first
selection marker gene, wherein the target portion comprises a
target polynucleotide capable of being expressed; ii) provid-
ing a pair of Vector-primers that are complementary to the
vector portion of the first expression vector in the first and
second regions, wherein the Vector-primers comprise a sec-
ond selection marker gene, and wherein the Vector-primers
allow PCR amplification of the target polynucleotide; and iii)
performing a PCR reaction using the first expression vector as
the template with the Vector-primers under error-prone PCR
conditions in the presence of a thermostable DNA ligase,
generating a second expression vector which comprises the
second selection marker gene and a mutated target polynucle-
otide. Preferably, the first expression vector has been con-
firmed to express the target polynucleotide.

In another embodiment, the second expression vector is
transformed into a suitable host cell, which is further cultured
to allow the second selection marker gene to be expressed for
selection of the second expression vector. The host cell com-
prising the second expression vector may preferably be cul-
tured under a condition to allow the expression of the mutated
target polynucleotide. In one embodiment, the first selection
marker gene is a first antibiotic resistance gene, and the sec-
ond selection marker gene is a second antibiotic gene.

In another embodiment of the method according to the
present invention, the expression product of the mutated poly-
nucleotide is assayed to select a mutated target polynucle-
otide with one or more desired mutations. This can be done,
for example by assaying or analyzing the phenotype of the
mutated gene.

The method of the present invention can be repeated, that
is, the expression vector selected in accordance to the steps
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above, comprising a mutated target polynucleotide with one
or more desired mutations, is used as template and subject to
further mutation, selection and directed evolution. For
example, the expression vector comprising a mutated target
polynucleotide with one or more desired mutations is used as
a template in a PCR under error-prone conditions with a
second pair of Vector-primers that are complementary to the
vector portion of the expression vector comprising the desired
mutated polynucleotide, wherein the second pair of Vector-
primers comprise a third selection marker gene, and wherein
the second Vector-primers allow PCR amplification of the
target polynucleotide. A PCR reaction with the second Vec-
tor-primers is performed under error-prone PCR conditions in
the presence of a thermostable DNA ligase, generating a third
expression vector which comprises the third selection marker
gene and a further mutated target polynucleotide.

In embodiments of the present invention, the third selection
marker may be the same as the first selection marker.

In another embodiment, the present invention provides a
method of constructing a random mutagenesis library, com-
prising i) providing a first expression vector comprising a
target polynucleotide fragment, wherein the first expression
vector comprises a vector portion and a target portion,
wherein the vector portion comprises a first selection marker
gene, and a first region and a second region flanking the first
selection marker gene, wherein the target portion comprises a
target polynucleotide capable of being expressed; ii) provid-
ing a pair of Vector-primers that are complementary to the
vector portion of the first expression vector in the first and
second regions, and complementary to a portion of the target
polynucleotide that is not desired to be mutated, wherein the
Vector-primers comprise a second selection marker gene, and
wherein the Vector-primers allow PCR amplification of the
target polynucleotide; and iii) performing a PCR reaction
using the first expression vector as the template with the
Vector-primers under error-prone PCR conditions in the pres-
ence of a thermostable DNA ligase, generating a second
expression vector which comprises the second selection
marker gene and a mutated target polynucleotide.

In one embodiment, a second expression is provided, the
target nucleotide sequence is cloned into the second expres-
sion vector to result in a Plasmid 2, wherein a pair of PCR
primers are designed to amply the entire Plasmid 2 except the
portion of the target polynucleotide that is not desired to be
mutated under high-fidelity PCR conditions, resulting in the
Vector-primers that allows PCR amplification of the target
polynucleotide only. The second expression vector may be
transformed into a suitable host cell, which is further cultured
to allow the second selection marker gene to be expressed for
selection of the second expression vector.

In another embodiment, the expression vector comprising
a mutated target polynucleotide with one or more desired
mutations is used as a template in a PCR under error-prone
conditions with a second pair of Vector-primers that are
complementary to the vector portion of the expression vector
comprising the desired mutated polynucleotide, wherein the
the second pair of Vector-primers that comprise a third selec-
tion marker gene, and wherein the second Vector-primers
allow PCR amplification of the target polynucleotide; and
performing a PCR reaction with the second Vector-primers
under error-prone PCR conditions in the presence of a ther-
mostable DNA ligase, generating a third expression vector
which comprises the third selection marker gene and a further
mutated target polynucleotide.

The present invention further provides a kit comprising in
a container, an expression vector comprising a first selection
marker, and a Vector-primers which comprises a second
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selection marker flanked by a first and second regions which
first and second regions are complementary to the corre-
sponding regions of the first selection marker of the expres-
sion vector.

The kit may further comprise a thermostable DNA ligase,
such as the ligase from Thermotoga maritima.

BRIEF DESCRIPTION OF THE DRAWINGS

For exemplification purposes, and not for limitation pur-
poses, embodiments of the invention are illustrated in the
figures of the accompanying drawings, in which:

FIG. 1 is an outline of a method for creating random
mutagenesis libraries according to the present invention. A
target sequence is cloned into a First Vector which comprises
a First Selection Marker; the cloning result is referred to as
Plasmid I. A Second Vector, which comprises a second selec-
tion marker different from the first selection marker, is ampli-
fied using a pair of PCR primers (solid short arrows) designed
to amplify all or almost all of the entire Second Vector, The
products of this amplification are referred to as the Vector-
primers. These vector-primers are used to PCR amplify the
Plasmid I comprising the target polynucleotide sequence
using a Vector-primers under error-prone conditions. The
resultant PCR products comprise a mutated target region, and
is annealed to the template Plasmid I, forming a double-
stranded circular structure having a nick, with a non-annealed
region where the first and second selection markers are where
the sequences are not complementary. The thermally stably
DNA ligase repairs the nick. Subsequent PCR cycles will
produce a library of completely circular, nick-free plasmid
that comprises both the second selection marker and a
mutated target region. These steps are illustrated in detail as
steps of denaturing, annealing, extension and nick-ligation,
and subsequent PCR cycles. These nick-free plasmids will be
transformed into suitable host cells, which are selected based
on the second selection marker. The mutated target sequences
are then expressed, followed by selection of mutants with
desired mutation/directional evolution. Optionally, this step
is repeated, wherein a second pair of Vector-primers, com-
prising a third selection marker, are used to amplify the plas-
mid that is the result of the first mutagenesis and selection.
The third selection marker differs from the second selection
marker, but may be the same as or different from the first
selection marker.

FIG. 2 illustrates a variation of the method shown in FIG. 1.
In this variation, the target sequence is independently cloned
into Vector 2 as well as Vector 1. Plasmid 2, which is Vector 2
containing the target sequence, is used to prepare the Vector-
primers. The placement of the PCR primers (shown as short
solid arrows) can be varied such that the region of the target
nucleotide sequence that is desired to be mutated can be
precisely selected. In other words, through the placement of
the PCR primers in the production of the vector-primers, the
region that is desired to be mutated under error-prone PCR
conditions can be isolated, while the rest of the target nucle-
otide sequence are left un-mutated. This method can be used,
for example, to only mutate one region of the target sequence,
leaving the other regions un-mutated. FIG. 2 illustrates three
examples: 1) a target nucleotide sequence comprising three
segments, only the middle of which is to be mutated; 2) a
shuttle vector, only the second replicon of which is to be
mutated; and 3) a construct comprising a regulatory region,
an operon, and a reporter gene, wherein only the regulatory
region is to be mutated.

FIG. 3 is another depiction of a method for creating random
mutagenesis libraries according to the present invention: a.
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PCR of the first vector comprising the target polynucleotide
sequence using a Vector-primer comprising a second selec-
tion marker (i.e. kanamycin resistance gene kan'): denaturing,
annealing and enzymatic extension, ligation of the nicked
circular plasmid; b. transformation of PCR products into a
suitable host cell, and expression of the selection marker
gene, followed by selection of mutants with desired mutation/
directional evolution. Optionally, this step is repeated,
wherein a second megaprimer/PRIMECTOR, comprising a
third selection marker (which may be the same as the same as
the first selection marker, as illustrated herein, i.e. ampicilin
resistance gene, amp'). These are illustrated as Steps c
through d.

FIG. 4 shows the agarose gel electrophoresis of the PCR
reaction with pHsh-xynAl as template. Lane M, A EcoT14 1
marker; Lane 1, Control, PCR reaction (no Taq DNA poly-
merase and DNA ligase); Lane 2, Control, PCR reaction
using Taq DNA polymerase; Lane 3, PCR reaction using Taq
DNA polymerase and thermostable DNA ligase.

FIG. 5 shows the effects of 60° C. ligation time and 72° C.
anneal time on PCR. (A) Effects of 60° C. ligation time on
PCR were performed in a 20 pl reaction system. Lane M, A
EcoT14 I marker; Lane 1,0 min; Lane 2, 1 min; Lane 3, 2 min;
Lane 4, 3 min. (B) The effect of 72° C. anneal time on PCR
were performed in a 20 pl reaction system. Lane M, A EcoT14
I marker; Lane 1, Control (0 min); Lane 2, 1 min; Lane 3, 2
min; Lane 4, 3 min.

FIG. 6 shows the effects of amounts of Vector-primers,
plasmid template and DNA ligase on PCR reaction. (A) The
effect of Vector-primers amounts on PCR was performed in a
20 pl reaction system. Lane M, A EcoT14 I marker; Lane
1,100 ng; Lane 2, 150 ng; Lane 3, 200 ng; Lane 4, 250 ng. (B)
The effect of plasmid template on PCR was performed in a 20
ul reaction system. Lane M, A EcoT14 I marker; Lane 1, 10
ng; Lane 2, 20 ng; Lane 3,30 ng; Lane 4, 40 ng. (C) The effect
of DNA ligase amounts on PCR was performed in a 20 pl
reaction system. Lane M, A EcoT14 I marker; line 1, 0.02
ng/ul ligase; Lane 2, 0.06 ng/ul ligase; Lane 3, 0.1 pg/ul
ligase; Lane 4, 0.2 pg/ul ligase; Lane 5, 0.3 pg/ul ligase.

DETAILED DESCRIPTION OF THE INVENTION

What follows is a detailed description of specific embodi-
ments of the invention in which the invention may be prac-
ticed. Reference will be made to the attached drawings, and
the information included in the drawings is part of this
detailed description. The specific embodiments of the inven-
tion, which will be described herein, are presented for exem-
plification purposes, and not for limitation purposes. It should
be understood that structural and/or logical modifications
could be made by someone of ordinary skills in the art without
departing from the scope of the present invention. Therefore,
the scope of the present invention is defined only by the
accompanying claims and their equivalents.

The present invention discloses, in one embodiment, a
method of constructing a random mutagenesis library,
wherein the method comprises 1) providing a first expression
vector comprising a target polynucleotide fragment, wherein
the first expression vector comprises a vector portion and a
target portion, wherein the vector portion comprises a first
selection marker, and a first region and a second region flank-
ing the first selection marker, wherein the target portion com-
prises a target polynucleotide capable of being expressed; 2)
providing a pair of Vector-primers that are complementary to
the vector portion of the first expression vector at least in the
first and second regions, wherein the Vector-primers com-
prise a second selection marker flanked by the first and second
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regions, and wherein the Vector-primers allow PCR amplifi-
cation of the target polynucleotide; and 3) performing a PCR
reaction using the first expression vector as the template with
the Vector-primers under error-prone PCR conditions in the
presence of a thermostable DNA ligase, to generate a second
expression vector which comprises the second selection
marker and a mutated target polynucleotide.

As will be recognized by those skilled in the art, any
expression vector suitable for cloning purpose can be used for
the method of the present invention. Preferably, the expres-
sion vector is one suitable for expressionina E. coli cell. In a
preferred embodiment, the expression vector is pHsh (17).

Similarly, the target polynucleotide suitable for the present
invention can be any coding sequence, which is desired to be
mutated and/or studied for mutagenesis. This can be a full-
length coding sequence for a protein, or a RNA or regulatory
sequence (e.g. see FIG. 2). One of ordinary skills in the art
will be able to select a target sequence with a suitable length.

Selection markers suitable for the present invention are
numerous, known and readily available to those skilled in the
art. In one embodiment, the selection marker may be a poly-
nucleotide sequence coding for resistance to an antibiotic. In
another embodiment, the first selection marker encodes resis-
tance to one antibiotic, while the second selection marker
encodes resistance to a second antibiotic.

Unique to the present invention is the use of a pair of
ultra-long PCR primers, hereinafter referred to as “Vector-
primers”. These primers are reverse complements of each
other, and when not denatured are double-stranded. This
double stranded fragment comprises a coding region for a
selection marker (which, if an antibiotic resistance gene, will
be about 1 kb in length). The two ends that flank this central
region should be at least about 50 base long, and be com-
pletely complementary to the corresponding regions flanking
the selection marker coding sequence of the first expression
vector. When denatured, each strand of this double-stranded
Vector-primers fragment anneals to the corresponding strand
of'the first expression vector, allowing PCR amplification of
the target sequence region on the first expression vector. The
PCR amplification products, when re-natured, are able to
form a circular, double-stranded expression vector, with a
nick on the newly amplified strand. This nick is repaired by
the thermostable DNA ligase, completing the synthesis

An ordinarily skilled person will readily recognize that a
lot of flexibility exists in the design of the Vector-primers, so
long as certain guidelines are followed. For example, overall
length; minimum of complementary 3'- and 5'-flanking
regions.

According to an embodiment of the present invention, the
Vector-primers can be synthesized by conventional PCR.
Specifically, a pair of conventional PCR primers can be
designed to amply the corresponding region of an expression
vector, that comprises the central, selection marker encoding
region, as well as the two flanking regions. The resultant
double-stranded PCR products can be used as the Vector-
primers. Preferably, a high-fidelity thermostable DNA poly-
merase is used for the PCR synthesis of Vector-primers. Pref-
erably, the thermostable DNA polymerase does not produce
an “A-T overhang” such TAQ DNA polymerase. Suitable
thermostable DNA polymerases include Pfu, and Pyrobest
DNA polymerases . . . .

The amplification of the target polynucleotide sequence,
hence the generation of the site-directed mutagenesis library,
should be conduced with error-prone PCR. Error-prone PCR
is well-known to those ordinarily skilled in the art. The fidel-
ity of the DNA polymerase is a key factor in the error rates of
the PCR amplification. For example, Taq DNA polymerase is
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known to have higher error rates compared to other thermo-
stable DNA polymerases, such as Pfu. PCR conditions, as
well as adjustment thereof for manipulating the degree of
fidelity of the DNA polymerase used for PCR amplification,
are also well-known in the art. See e.g. (16 AND 27). Spe-
cifically, the error-rates can be conveniently adjusted by
modifying the concentration of Mn** and Mg>* concentra-
tions, as well as relative ratio of the dNTPs concentrations
(i.e. “unbalanced dNTPs concentrations).

Many thermostable DNA ligases are known and readily
available to those skilled in the art for error-prone PCR. Some
of these ligases are provided in references no. 16 and 18,
which are specifically incorporated herein by reference.

In another embodiment, the method of the present inven-
tion, the first expression vector has been confirmed to express
the target polynucleotide.

It is readily recognized that the PCR reaction in step 3)
above produces a circular vector with a nick, when the elon-
gating 3'-end of the Vector-primers reaches its own 5'-end.
This nick is ligated by the DNA ligase

The amplified product may be easily selected based on the
second selection marker. In one embodiment, selection is
effected by transforming the PCR products, or second expres-
sion vector, into a suitable host cell, which is further cultured
to allow the second antibiotic gene to be expressed. The
process eliminates vectors that contain only the first section
marker, hence are not mutated. In one embodiment, the first
and second selection markers are two different antibiotic
resistance genes, and the selection can be easily done via the
use of two different culture media containing a corresponding
antibiotic.

Further provided is a kit that comprises in a contaner, an
expression vector comprising a first selection marker, and a
vector-primer which comprises a second selection marker
flanked by a first and second regions which first and second
regions are complementary to the corresponding regions of
the first selection marker of the expression vector.

Preferably, the kit of the present invention further com-
prises a thermostable DNA ligase. Preferably, this thermo-
stable DNA ligase is the ligase from Thermotoga maritima.

In prior art methods of constructing random mutagenesis
libraries, mutant DNA fragments must be digested and
inserted into vectors to obtain a mutation library. Low effi-
ciency of ligation in the post-PCR cloning process is a com-
mon problem, and the library is often plagued with unwanted
plasmids that have no inserts or multiple inserts (19). This
problem of ragged ends of PCR products is solved by the
present invention with the use of a DNA ligase. Furthermore,
thermostable DNA ligase repairs the nicks, forming a circular
plasmid, and avoiding a digestion step.

The method of the present invention also substantially
eliminates background transformants (i.e., those without the
insert or target sequence), also a nuisance in previous
approaches as they waste screening effort and decrease the
diversity of the transformant library (20). In traditional meth-
ods, the background level of transformants obtained from the
ligation of a vector alone must be quantified as a control. PCR
products mixture must be digested by a dam-methylated
DNA specific restriction enzyme, Dpn I, to eliminate the
template plasmid (11, 21). In the method of the present inven-
tion, the Vector-primers contain a selection marker, e.g. a
resistance gene, which greatly facilitates screening. Another
advantage of the method of the present invention by using the
Vector-primers to amplify whole plasmid is that no further
treatment is needed for the PCR products, which can be
directly transformed into host cells, e.g. competent E. coli
cells, wherein the transformants are selected by the second
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selection marker, e.g. were onto LB plates containing appro-
priate antibiotics, to yield a library. Transformants containing
only the template plasmid were removed efficiently. For
example, a template plasmid pHsh-xynAl contains ampicil-
lin resistance gene, while the newly synthesized plasmid con-
tains a kanamycin resistance gene. When transformants were
selected in LB agar plates containing kanamycin antibiotic,
only newly synthesized plasmids can grow. Moreover, the
Vector-primers are universal for variable-length DNA frag-
ments. By using these primers, variable-length DNA frag-
ments which were cloned into the expression plasmid pHsh
can create random mutagenesis libraries using this method.
For example, when the cellulase gene from 7. maritima was
inserted into expression vector pHsh, a random mutagenesis
library of the cellulase gene can be created.

In this experiment, the Vector-primers were amplified by
Pyrobest DNA polymerase or Pfu DNA polymerase. Another
set of primers (containing ampicillin resistance gene) can be
prepared by the same method using template plasmid pHsh-
amp (GenBank no: FI571619). When the plasmid containing
ampicillin resistance gene was used as template, primers con-
taining kanamycin resistance gene were used to perform
PCR. While the plasmid containing kanamycin resistance
gene was used as template, linear DNA fragments containing
ampicillin resistance gene can be selected to perform next
PCR (FIG. 1).

Adjustment of Mn?* concentration is a definitive factor for
the random mutagenesis (21). In this method the Mn** con-
centration can affect not only the activity of the DNA ligase
(16), but the error-rates of error-prone PCR as well. The
effects of Mn** concentration were examined on the random
mutagenesis of the target gene using this error-prone PCR
(Table 1). The products of circular plasmids increased with
increasing the Mn** concentration in PCR.

In conclusion, thermostable DNA ligase mediated error-
phone PCR effectively created random mutagenesis libraries,
and was successfully employed to improved enzyme prod-
ucts. The presented here lave advantages that include: (i)
random mutagenesis libraries can be created by one-step
error-prone PCR. (ii) variable-length DNA fragments can be
used as mutation target, and there is no length limitation on
the mutation target gene; (iii) no is needed for the PCR prod-
ucts, which can be directly transformed into competent . coli
cells, and the transformants can be directly screened using an
appropriate antibiotics; and (iv) the accumulation of muta-
tions can be obtained.

EXAMPLES
Materials and Methods

Bacterial Strains, Plasmids and Growth Media

Thermotoga maritima (ATCC43589) was grown anaerobi-
cally at80° C. ina medium as described (22). Escherichia coli
BL21(DE3) was used as hosts for the expression of the cel-
Iulase gene from 7. maritima. E. coli Cells were cultured in
Luria-Bertani (LLB) medium which contained (per liter): 10 g
Tryptone, 5 g yeast extract, 5 g NaCl, pH 7 and supplemented
with 100 ug ampicillin ml=*.

Preparation of the Vector-Primers

Two PCR primers 5'-pCCTCCATGGGTATATCTCCTT-3'
(SEQ ID NO: 1) and 5-pAAGCTTGAAGGCCGCTTC-
CGA-3' (SEQ ID NO: 2) were used. The plasmid pHsh-kan
(GenBank accession no. FJ571621) was used as template.
PCR was performed in 50 pl of reaction solution containing
1.25 U Pyrobest DNA polymerase (TaKaRa Bio, Inc., Japan).
A PCR amplification of 30 cycles was carried out in a 50 ul
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reaction system. Each cycle consisted ot heating at 94° C. for
40 s, 62° C. for 40 s and 72° C. for 2 min 30 s. The resultant
double-stranded PCR product is used as the Vector-primers
for the ligase mediated error-prone PCR.

Thermostable DNA Ligase Mediated Error-Prone PCR of
Whole Plasmid

Error-prone PCR was performed in 20 pl of reaction solu-
tion containing 30 ng plasmid pHsh-xynA1l (23) as the tem-
plate, 0.5 U Taq DNA polymerase (TaKaRa Bio, Inc., Japan),
0.1 pg/pl thermostable DNA ligase (16), 200 ng Vector-prim-
ers, 0.2 mM each deoxynucleotide Triphosphate, 2.0 mM
MgCl,, 0.5 mM MnCl, and 0.5 mM NAD*. Each cycle con-
sisted ofheating at 94° C. for 1 min, 72° C. for 1.5 min and 60°
C. for 2 min.

Construction of Plasmids pHsh-celA and pHsh-CelB

The endoglucanase gene CelA was amplified from the
genome of 7. maritima. PCR amplification was carried out
using the following primers 5'-CTGTGGTACTGATGA-
CAAAACCGGGAACATC-3' (SEQ ID NO: 3) and 5'-GG-
GAAGCTTTCATTCTCTCACCTCCAGATC-3' (SEQ ID
NO: 4). PCR products were purified using the QIAquick PCR
purification kit and followed by digestion with corresponding
restriction enzymes. The digested PCR products were ligated
to pHsh (24) at Stu I/Hind I1I sites.

The endoglucanase gene CelB was amplified from the
genome of 7. maritima. PCR amplification was carried out
using the following primers 5'-CTAGCGTTGGTGCAACG-
GAC-3' (SEQ IDNO: 5) and 5'-GGGCTCGAGTTATTTTA-
CAACTTCGACAG-3' (SEQ ID NO: 6). PCR products were
purified using the QIAquick PCR purification kit and fol-
lowed by digestion with corresponding restriction enzymes.
The digested PCR products were ligated to pHsh at Stu ’Xho
I sites.

Construction and Screening of Xylanase Mutant Library

The error-prone PCR was performed in 20 ul of reaction
solution containing 30 ng plasmid pHsh-xynA1 as template,
0.5 U Taq DNA polymerase (TaKaRa, P.R. China), 0.1 nug
DNA ligase, 200 ng Vector-primers, 0.2 mM each deoxy-
nucleotide Triphosphate, 2.0 mM MgCl,, 0.1 mM MnCl, and
0.5 mM NAD™*. Each cycle consisted of heating at 94° C. for
1 min, 72° C. for 1.5 min and 60° C. for 2 min.

A facilitated screening, carried out on xylan-L.B solid agar,
relies on substrate solubilization followed by an enzymatic
reaction that gives rise to a zone of identity. Transformants
were overlaid with 2% xylan in solid LB and then incubated
at 30° C., then up-shift of temperature to 42° C. Positive
clones were identified by a zone of clearing around xylanase-
expressing clones.

Construction and Screening of Cellulase Mutant Library

Error-prone PCR was performed by using pHsh-CelA or
pHsh-CelB as template in the presence of thermostable DNA
ligase (16). A 20 pl of reaction mixture contained 200 ng
Vector-primers, 2.0 mM MgCl,, 0.2 mM dNTPs each, 0.1
mM MnCl,, and 0.5 U Taqg DNA polymerase (TaKaRa, P.R.
China) and 0.1 pg thermostable DNA ligase. DNA amplifi-
cation and ligation were carried out in 15 cycles 0f 94° C., 1
min, 72° C., 1.5 min, and 60° C., 2 min, and a final incubation
at 60° C. for 10 min, The PCR products were transformed into
E. coli by electroporation, and mutants were screened on the
plates containing 2% CMC and kanamycin (50 mg ml™).

Cellulase Activity Assay

Endoglucanase activity was determined by the 4-hydroxy-
benzoic acid hydrazide method (25). CMC (Sigma) was used
as the substrate. The reaction mixture comprised of 100 pl
0.5% (w/v) CMC in water, 90 pl phosphate buffer (50 mM,
pH 6.0) and 10 ul properly diluted enzyme. The reaction was
conducted at 90° C. for 10 min, and stopped when 600 pl of
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4-hydroxybenzoic acid hydrazide solution added into the
reaction mixture. The reducing sugar was determined by
reading the absorbance at 410 nm after the test tubes were
incubated for 10 min in boiling water bath and cooled down
on ice. One unit of endoglucanase activity was defined as the
amount of enzyme releasing 1 umol reducing sugar per min.

Results

Outline of this Method to Create Random Mutagenesis
Libraries

The method of the present invention for creating random
mutagenesis libraries was depicted in FIG. 1. Random
mutagenesis libraries were created by error-prone PCR using
whole plasmid as template. In the error-prone PCR system,
the plasmid pHsh-xynA1 was used as the template, a 5'-phos-
phated vector-primer used as the novel primer, which com-
prises a kanamycin resistance gene. The vector-primer is
annealed to the template plasmid except for the region of the
resistance gene. Random mutations were introduced during
error-prone PCR by modifications of PCR reaction condi-
tions for the Taq DNA polymerase. The PCR reactions gen-
erate nicked circular plasmids, and a thermostable DNA
ligase repaired the “nicks”, resulting in a circular plasmid.
The ligated circular plasmid served as template in subsequent
cycles. PCR products were transformed into E. coli and the
transformants were spread onto LB plates containing 50 pg
kanamycin ml™*.

TABLE 1

Effects of Mn?* concentration and
cycles number on frequency of null mutant

Frequency of the null
mutant clones (%)

Mn?* concentration (mM) ¢

0 8.3
0.1 594
0.3 78.0
0.5 87.5

Number of cycles ®

15
25

58.5
83.3

215 PCR cycles at various Mn”* concentration.
20.1 mM Mn?* concentration with various PCR cycles.

PCR Results in the Presence of Thermostable DNA Ligase

The PCR process in this experiment used a repetitive series
of the three fundamental steps that defines one PCR cycle:
double-stranded DNA template denaturation at 94° C.,
annealing and enzymatic extension of primers at 72° C.,
ligation of the nicked circular plasmid at 60° C. to produce
circular plasmid as templates in subsequent cycles.

The error-prone PCR was performed in 20 pl of reaction
solution. Plasmid pHsh-xynAl was used as template. The
Vector-primers, thermostable DNA ligase and plasmid tem-
plate were mixed to run error-prone PCR. PCR products were
electrophoresed on 1.0% agarose gel as shown in FIG. 4.

Target PCR products can be achieved by using Taqg DNA
polymerase in the presence of DNA ligase in this PCR reac-
tion system. Because the DNA ligase from 7. maritima could
not ligate blunt-end DNA (16), the 5'-phosphated Vector-
primers cannot be ligated together into dimers and trimers, or
self-ligate.

Optimization of PCR Reaction

Because the error-prone PCR was performed using a high
annealing temperature, it can also easily be performed with a
two-temperature cycle consisting of denaturation and anneal-
ing/extension.
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In order to optimize the PCR reaction, various ligation time
at 60° C., annealing and extension time at 72° C. were per-
formed. The products of circular plasmids increased with
increased ligation time (FIG. 5A). When pHsh-xynAl was
used as template, annealing and extension time at 72° C. was
2 min (FIG. 5B).

The production yield of the final products comparatively
increased with increasing the amounts of Vector-primers and
plasmid template (FIGS. 6 A&6B). Thermostable DNA ligase
played an important role in the PCR reaction. The yield of the
final products increased with increased amounts of DNA
ligase (FIG. 6C). During the PCR process, the activity of
DNA ligase would decrease with increased PCR amplifica-
tion cycles. When the amount of DNA ligase or time of
ligation was decreased, not all of the newly synthesized
nicked circular plasmid can be ligated, and some linearized
DNA fragments were generated (FIG. 6C). The relative abun-
dance of DNA ligase is necessary for this PCR reaction.
When these 5 factors (Ligation time, annealing and extension
time, Vector-primers, plasmid template and DNA ligase)
were optimized, the best results could be achieved. Under
these conditions, more than 1x10° transformants can be
obtained by using standard E. coli competent cells (107/ug of
pUC 18).

Effects of the Mn** Concentration and the Number of
Cycles on the Frequency of Null Mutant Clones

Random mutagenesis libraries of xylanase were created
using this method. At the initial screening using xylan-LB
solid agar, positive clones were identified by a zone of clear-
ing around xylanase-expressing clones. In previous experi-
ments, we have shown that Mn* concentration affected the
activity of the DNA ligase from 7. maritima (16). Effects of
Mn?* concentration and the number of cycles on the fre-
quency of null mutant clones were studied. The frequency of
inducing the null mutants (mutants that lost the xylanase
activity) increased with increasing Mn>* concentration
(Table 1). Moreover, the effects of the number of cycles on the
error-rates were studied (Table 1). Both the amount of prod-
ucts and the error-rates increased with increasing number of
cycles.

Random Mutagenesis Library Creation of Cellulase Gene

In order to create a random mutagenesis library of cellulase
gene using this method, error-prone PCR was performed
using pHsh-CelB as template containing Vector-primers,
Thermostable DNA ligase and Taq DNA polymerase. PCR
products were transformed into competent £. coli cells. Tem-
plate plasmid contains an ampicillin resistance gene, while
newly synthesized plasmid contains a kanamycin resistance
gene, so the transformants can be selected on agar plates
containing appropriate antibiotics to eliminate the back-
ground of template plasmids.

Approximately 2,500 clones were screened. At the initial
screening using CMC-LB solid agar, positive clones were
identified by a zone of clearing around CMC-expressing
clones. A mutant (E. coli containing pHsh-CelB-ml) was
finally chosen for further characterization. Sequence analysis
of the mutant showed a point alteration at condon 61
(CAT—CTT; His-61 to Leu-61). The mutant was further
cultured at 30° C. in LB medium, and overexpression of the
endoglucanase gene was induced at 42° C. for 8 h at OD,,
about 0.6. The CelB-ml expressed from the mutant was
increased from 0.89 to 3.88 U/ml.

Random mutagenesis libraries of gene CelA was created
using this method. Approximately 2,000 clones were
screened. A mutant was finally chosen and increased from 2.9
to 4.4 U/ml. The mutated endoglucanase gene, designated as
CelA-ml, was sequenced, and 5 mutation points were found.
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Sequence results showed that F102 residue was substituted by
S that resulted from the change in the DNA sequence from
TTCto TCC, and 1.203 (CTT to CTA), L222 (CTT to CTC),
G234 (GGA to GGT), and A241 (GCA to GCT) residue was
not substituted where base change does not alter the coded
amino acid.

The thermostable DNA ligase from 7. maritima has high
thermal stability, and the enzyme had a half-life of over 30
min at 95° C. (16). The DNA ligase exhibited activity on DNA
fragments with cohesive termini, and no activity were
detected on blunt-end DNA. The ligase reaction required
NAD", and a divalent cation including Mg*>*, Mn** or Ca**
(16).

In conventional methods, when PCR samples were ampli-
fied by the Taq DNA polymerase, PCR products will often
have single base overhangs at the 3' end of each polymerized
strand, so it is necessary to remove extra nucleotides at the 3'
end of the products to avoid unintended consequences (26). A
mutated gene fragment, which was prepared with error-prone
PCR or other methods, must be digested with appropriate
restriction enzymes and ligated into an expression vector (11,
27-29).

Although specific embodiments have been illustrated and
described herein for the purpose of disclosing the preferred
embodiments, someone of ordinary skills in the art will easily
detect alternate embodiments and/or equivalent variations,
which may be capable of achieving the same results, and
which may be substituted for the specific embodiments illus-
trated and described herein without departing from the scope
of'the present invention. Therefore, the scope of this applica-
tion is intended to cover alternate embodiments and/or
equivalent variations of the specific embodiments illustrated
and/or described herein. Hence, the scope of the present
invention is defined only by the accompanying claims and
their equivalents.
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What is claimed is:

1. A method of constructing a random mutagenesis library,
comprising:

1) providing a first expression vector comprising a target
polynucleotide fragment, wherein the first expression
vector comprises a vector portion and a target portion,
wherein the vector portion comprises a first selection
marker gene, and a first region and a second region
flanking the first selection marker gene, wherein the
target portion comprises a target polynucleotide capable
of being expressed;

ii) providing a pair of Vector-primers that are complemen-
tary to the vector portion of the first expression vector in
the first and second regions respectively, wherein the
Vector-primers comprise a second selection marker
gene, and wherein the Vector-primers allow PCR ampli-
fication of the target polynucleotide; and

iii) performing a PCR reaction using the first expression
vector as the template with the Vector-primers under
error-prone PCR conditions in the presence of a thermo-
stable DNA ligase, generating a second expression vec-
tor which is circular and comprises the second selection
marker gene and a mutated target polynucleotide
wherein the second expression vector does not comprise
the first selection marker.

2. The method according to claim 1, wherein the first
expression vector has been confirmed to express the target
polynucleotide.

3. The method according to claim 1, wherein the PCR
reaction in step iii) produces a circular vector with a nick, and
wherein the thermostable DNA ligase ligates the nick.

4. The method according to claim 1, further comprising
transforming a suitable host cell with the second expression
vector, and culturing the transformed host cell to allow the
second selection marker gene to be expressed for selection of
the second expression vector.

5. The method according to claim 3, wherein a host cell
comprising the second expression vector is cultured under a
condition to allow the expression of the mutated target poly-
nucleotide.

6. The method according to claim 1, wherein the first
selection marker gene is a first antibiotic resistance gene, and
the second selection marker gene is a second antibiotic gene.

7. The method according to claim 5, further comprising
assaying the expression product of the mutated polynucle-
otide to select a mutated target polynucleotide with one or
more desired mutations.

8. The method according to claim 7, wherein the expres-
sion vector comprising a mutated target polynucleotide with
one or more desired mutations is used as template and subject
to further directed evolution.

9. The method according to claim 7,

wherein the expression vector comprising a mutated target
polynucleotide with one or more desired mutations is
used as atemplate in a PCR under error-prone conditions
with a second pair of Vector-primers that are comple-
mentary to the vector portion of the expression vector
comprising the desired mutated polynucleotide,
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wherein the second pair of Vector-primers comprise a third
selection marker gene, and wherein the second Vector-
primers allow PCR amplification of the target poly-
nucleotide;
the method further comprising performing a PCR reaction
with the second Vector-primers under error-prone PCR
conditions in the presence of a thermostable DNA
ligase, and generating a third expression vector which
comprises the third selection marker gene and a further
mutated target polynucleotide.
10. The method according to claim 9, wherein the third
selection marker is the same as the first selection marker.
11. The method according to claim 10, wherein the first
selection marker gene is a first antibiotic resistance gene, and
the second selection marker gene is a second antibiotic gene.
12. A method of constructing a random mutagenesis
library, comprising
i) providing a first expression vector which comprises a
vector portion and a target portion, wherein the vector
portion comprises a first selection marker gene, and a
first region and a second region flanking the first selec-
tion marker gene, wherein the target portion comprises a
target polynucleotide capable of being expressed;
i1) providing a pair of Vector-primers that are complemen-
tary to the vector portion of the first expression vector in
the first and second regions, and complementary to a
portion of the target polynucleotide that is not desired to
be mutated, wherein the Vector-primers comprise a sec-
ond selection marker gene, and wherein the Vector-
primers allow PCR amplification of the target portion
that is desired to be mutated; and
iii) performing a PCR reaction using the first expression
vector as the template with the Vector-primers under
error-prone PCR conditions in the presence of a thermo-
stable DNA ligase, generating a second expression vec-
tor which comprises the second selection marker gene
and a mutated target portion wherein the second expres-
sion vector does not comprise the first selection marker.
13. The method of claim 12, wherein, prior to step (i),
vector-primers are prepared by: providing an expression vec-
tor comprising the target portion and the second selectable
marker, wherein the expression vector is identical to the first
expression vector except the second selectable marker
replaces the first selectable marker and
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amplifying the entire vector except the portion of the target
portion that desired to be mutated, wherein the amplifi-
cation occurs using high fidelity PCR conditions and a
pair of PCR primers designed to amplify the entire vec-
tor except the portion desired to be mutated.

14. The method according to claim 12, wherein the first
expression vector expresses the target portion.

15. The method according to claim 14, wherein the second
expression vector is transformed into a suitable host cell,
which is further cultured to allow the second selection marker
gene to be expressed for selection of the second expression
vector.

16. The method according to claim 15, wherein a host cell
comprising the second expression vector is cultured under a
condition to allow the expression of the mutated target poly-
nucleotide.

17. The method according to claim 16, wherein the first
selection marker gene is a first antibiotic resistance gene, and
the second selection marker gene is a second antibiotic gene.

18. The method according to claim 17, wherein the expres-
sion product of the mutated polynucleotide is assayed to
select a mutated target polynucleotide with one or more
desired mutations.

19. The method according to claim 18, wherein the expres-
sion vector comprising a mutated target polynucleotide with
one or more desired mutations is used as template and subject
to further directed evolution.

20. The method according to claim 19, wherein the expres-
sion vector comprising a mutated target polynucleotide with
one or more desired mutations is used as a template in a PCR
under error-prone conditions with a second pair of Vector-
primers that are complementary to the vector portion of the
expression vector comprising the desired mutated polynucle-
otide, wherein the second pair of Vector-primers that com-
prise a third selection marker gene, and wherein the second
Vector-primers allow PCR amplification of the target poly-
nucleotide; and performing a PCR reaction with the second
Vector-primers under error-prone PCR conditions in the pres-
ence ofa thermostable DNA ligase, generating a third expres-
sion vector which comprises the third selection marker gene
and a further mutated target polynucleotide.
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